Abstract: This study investigated the matching designs between a power integration mechanism (PIM) and transmission system for single-motor parallel hybrid electric vehicles. The optimal matching design may lead to optimal efficiency and performance in parallel hybrid vehicles. The Simulink/Simscape environment is used to model the powertrain system of parallel hybrid electric vehicles, which the characteristics of the PIM, location of the gearbox at the driveline, and design of the gear ratio of a gearbox influenced. The matching design principles for torque-coupled-type PIM (TC-PIM) parameters and the location of the gearbox are based on the speed range of the electric motor and the internal combustion engine. The parameters of the TC-PIM (i.e., k 1 and k 2 ) are based on the k ratio theory. Numerical simulations of an extra-urban driving cycle and acceleration tests reveal that a higher k ratio has greater improved power-assist ability under a pre-transmission architecture. For example, a k ratio of 1.6 can improve the power-assist ability by 8.5% when compared with a k ratio of 1. By using an appropriate gear ratio and k ratio , the top speed of a hybrid electric vehicle is enhanced by 9.3%.
Introduction
In recent years, environment-friendly vehicle technologies have been developed for solving problems that are caused by conventional vehicles. The primary purpose is to reduce emission. One of the plausible solutions is to introduce electric power into vehicles. Nowadays, powertrain technologies can be classified into pure electric power and oil-electric hybrid power types. Pure-electric power vehicles are piloted without any emissions. However, pure-electric power vehicles have some concerns, such low travel distance and long recharge time. Therefore, the performance of a battery system that provides energy to electric motor (EM) is an important issue. For instance, Samadani et al. developed a prediction model with high accuracy in both cumulative energy and the temperature of the Li-ion battery [1] . Panchal et al. proposed the electrical and thermal performance evaluation of a Li-ion battery pack in the real work drive cycle [2] . In addition, pure-electric power vehicles may not reduce emissions in some regions, because electric power generation is dependent on fossil fuel combustion.
Materials and Methods
Section 2.1 introduces the basic theory for this study. The proposed parallel hybrid vehicle model for the transmission system and vehicle performance is based on the aforementioned theory. Section 2.2 presents the analysis of the transmission design for parallel hybrid vehicles. Section 2.3 focuses on the transmission design of the TC-PIM. The details of nomenclatures that are discussed in this section are also listed in the section of Appendix A.
Basic Theory

Vehicle Longitudinal Dynamic
We briefly quote the basic theory vehicle longitudinal dynamic from Ref. [19] . When the vehicle is being driven, sufficient traction force is required to move the vehicle. By using a transmission transit suitable torque to TWs, the power unit provides the traction force, which can be expressed using Equation (1) .
To simplify the analysis process, the demand traction force can be determined while using the total resistance when driving, which can be expressed using Equation (2) .
The driving resistance in longitudinal motion comprises tire rolling resistance, drag resistance, and grade resistance. The deformation of the load on the tire when the tire is rolling on the road surface causes the tire rolling resistance. Therefore, the actual tire radius becomes smaller than the nominal dimension when rolling. When the tire starts rolling, the reaction force of the normal force is applied on a tiny offset from the tire center due to hysteresis. Therefore, the reaction force generates a reaction moment on the tire. If the reaction moment is equivalent to the force that is applied on the contact point of the tire and road surface, the tire rolling resistance can be expressed using Equation (3) .
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The actual rolling resistance coefficient of the tire is influenced by the dimension and compound of the tire, camber angle, vehicle speed, and road friction. To simplify the analysis, the road friction is only considered to influence the tire rolling resistance coefficient; thus, Equation (3) can be simplified using Equation (4) .
In general, the rolling resistance coefficient of the road is in the range of 0.01-0.05. In this study, the rolling resistance coefficient of 0.02 was used for a common asphalt road.
Air resistance causes the drag resistance. When the vehicle is being driven, the vehicle body moves through air in front of the vehicle. In this motion, air provides a force that moves along the vehicle body. This force changes the streamline velocity of air; thus, the turbulence zone is formed behind the vehicle body. As the turbulence zone has a pressure difference with normal air, this pressure difference generates resistance for vehicle movement, which is called drag resistance. The value of drag resistance is related to the vehicle driving speed, drag coefficient, and front area of the vehicle body. The drag resistance can be expressed using Equation (5) .
The grade resistance is caused by the gravity of the vehicle. Due to the slope of the road, a part of the gravitational force acts in the downhill direction. This force can be expressed using Equation (6) .
According to Newton's second law, the acceleration of an object in linear motion can be expressed using Equation (7) .
Therefore, if the traction force minus all of the resistances mentioned above also exceeds zero, it can provide the acceleration force for vehicles, which can be expressed using Equation (8) .
The notation m * indicates the added mass of rotating components because of rotating motion. The maximum vehicle speed can be calculated using the traction force and power of the power unit. In general, the maximum vehicle speed is discussed at level ground (θ = 0) and, thus, the maximum vehicle speed can be expressed using Equation (9) , as follows:
Transmission Design Demand
The transmission system is the most critical system design for vehicle performance. The primary aim of the vehicle transmission system is to maintain power units to provide suitable traction power under various working conditions. Thus, the power units are always operating under high efficiency. Therefore, if a vehicle has a suitable transmission system, then it has reduced fuel consumption and emission. Fischer [18] reveals that the vehicle transmission design must satisfy two primary demands: providing the required traction force under various driving conditions for favorable vehicle performance and operating power units under high efficiency to reduce fuel consumption and emission. However, these primary design demands are contradictory in some models. To design a suitable transmission system, the optimal matching of the power unit is required for efficient fuel consumption and favorable vehicle performance. The key factors are (i) the traction force that is required by Appl. Sci. 2019, 9, 1538 5 of 26 calculating the total resistance, which is applied on the vehicle body [18] and (ii) the gear ratio design for the driving power unit operating at the highest efficiency [20] .
Power Integration Mechanism
The PIM is a crucial component in the hybrid propulsion system. The function of the PIM is to integrate input mechanical power from two independent sources into output mechanical power within its constraints. Figure 1 shows that the PIM is a two-degree-of-freedom mechanism and it has at least three ports. Each port is bidirectional and it transmits mechanical power. Without any loss of efficiency, the in-flowing mechanical power is equivalent to mechanical power flow-out. For example, if ports 1 and 2 provide mechanical power, and port 3 is connected to the output shaft, then the output shaft mechanical power can be expressed using Equation (10) .
Ehsani [21] classified the PIM into two types, namely torque-coupled and speed-coupled types, based on the PIM characteristics. The basic theorem of these PIMs is described, as follows:
The characteristic of the TC-PIM is that the output torque demand can be satisfied through the linear superposition of two independent input torques with coefficient , which is determined while using the geometric structure of the PIM. By dividing Equation (10) by output angular velocity 3 , the relationship of torque for each port can be expressed using Equation (11) .
Equation (11) shows that the demand torque 3 comprises 1 1 and 2 2 . Therefore, 1 and 2 can independently control the demand torque 3 . The angular velocity of each port cannot be independently controlled because of the power conservation constraint. The angular velocity constraint can be expressed using Equation (12) .
The characteristic of the speed-coupled PIM is that the output speed demand can be satisfied through the linear superposition of two independent input speeds divided by coefficient , which is determined while using the geometric structure of the PIM. By dividing Equation (10) by output angular velocity 3 , the relationship of speed for each port can be expressed using Equation (13) .
Equation (13) shows that the demand speed 3 comprises 1 1 ⁄ and 2 2 ⁄ . Thus, 1 and 2 can independently control the demand speed 3 . The torque of each port cannot be independently controlled due to the power conservation constraint. The torque constraint can be expressed using Equation (14) .
2.1.4. Driving Mode Control Architecture
The driving mode control architecture is important in the parallel hybrid propulsion system. In general, the hybrid vehicle has five primary driving modes, namely EV mode, ICE mode, power-split mode, hybrid mode, and regenerate brake mode. The control rule to switch the driving modes in this The characteristic of the TC-PIM is that the output torque demand can be satisfied through the linear superposition of two independent input torques with coefficient k, which is determined while using the geometric structure of the PIM. By dividing Equation (10) by output angular velocity ω 3 , the relationship of torque for each port can be expressed using Equation (11) .
Equation (11) shows that the demand torque T 3 comprises T 1 k 1 and T 2 k 2 . Therefore, T 1 and T 2 can independently control the demand torque T 3 . The angular velocity of each port cannot be independently controlled because of the power conservation constraint. The angular velocity constraint can be expressed using Equation (12) .
The characteristic of the speed-coupled PIM is that the output speed demand can be satisfied through the linear superposition of two independent input speeds divided by coefficient k, which is determined while using the geometric structure of the PIM. By dividing Equation (10) by output angular velocity w 3 , the relationship of speed for each port can be expressed using Equation (13) .
Equation (13) shows that the demand speed ω 3 comprises ω 1 /k 1 and ω 2 /k 2 . Thus, ω 1 and ω 2 can independently control the demand speed ω 3 . The torque of each port cannot be independently controlled due to the power conservation constraint. The torque constraint can be expressed using Equation (14) .
Driving Mode Control Architecture
The driving mode control architecture is important in the parallel hybrid propulsion system. In general, the hybrid vehicle has five primary driving modes, namely EV mode, ICE mode, power-split mode, hybrid mode, and regenerate brake mode. The control rule to switch the driving modes in this study is based on demand power classification. Lin [22] presents the demand power classification for driving mode switch logic for hybrid trucks. In demand power classification, constant power lines are used to separate the engine power into three operation regions. These regions can be classified into low-, medium-, and high-power regions. As the engine has superior efficiency in the medium power region, motor in low power demand and engine and motor in high power demand. By using this approach, fuel consumption can be reduced, and driving mode control rule can be established.
Parallel Hybrid Transmission Design
The specification of engine and motor and the parameters in this section for following numerical simulations were obtained from Matlab Simulink of ADVISOR®Software (MathWorks Inc.: Natick, MA, USA, 2018) and Advanced Vehicle Simulator [23] .
Specification of Power Units
The data include power specification and efficiency data. Therefore, the data can be used to determine the traction force and energy usage for the hybrid propulsion system. A 1.0L spark-ignition (SI) engine, which can provide 41 kW power and 81 Nm torque at peak performance, is used. Table 1 provides the details. A permanent magnet direct current (PMDC) motor, which can provide a power of 10 kW and a torque of 46.5 Nm for the peak values, is used as the EM/generator. Figure 2b shows the efficiency map of this motor, where the thick black line is the motor power envelope. The negative phase of the torque indicates that the motor works as a generator; thus, the efficiency contour in this phase indicates the recharge efficiency. In the hybrid mode, the operating region of the power unit has some system constraints and, thus, it cannot freely operate power units. Figure 2a shows the brake specific fuel consumption map of this engine, where the thick black line represents the engine power envelope under the wide-open throttle condition. are used to separate the engine power into three operation regions. These regions can be classified into low-, medium-, and high-power regions. As the engine has superior efficiency in the medium power region, motor in low power demand and engine and motor in high power demand. By using this approach, fuel consumption can be reduced, and driving mode control rule can be established.
Parallel Hybrid Transmission Design
The specification of engine and motor and the parameters in this section for following numerical simulations were obtained from Matlab Simulink of ADVISOR® Software (MathWorks Inc.: Natick, MA, USA, 2018) and Advanced Vehicle Simulator [23] .
Specification of Power Units
The data include power specification and efficiency data. Therefore, the data can be used to determine the traction force and energy usage for the hybrid propulsion system. A 1.0L sparkignition (SI) engine, which can provide 41 kW power and 81 Nm torque at peak performance, is used. Table 1 provides the details. A permanent magnet direct current (PMDC) motor, which can provide a power of 10 kW and a torque of 46.5 Nm for the peak values, is used as the EM/generator. Figure  2b shows the efficiency map of this motor, where the thick black line is the motor power envelope. The negative phase of the torque indicates that the motor works as a generator; thus, the efficiency contour in this phase indicates the recharge efficiency. In the hybrid mode, the operating region of the power unit has some system constraints and, thus, it cannot freely operate power units. Figure 2a shows the brake specific fuel consumption map of this engine, where the thick black line represents the engine power envelope under the wide-open throttle condition. 
Transmission Design Requirements
Speed is a crucial factor in forces on driving vehicles. Table 2 shows the design requirement of transmission and the parameters of the driving vehicle. These values were obtained from Matlab 
Speed is a crucial factor in forces on driving vehicles. Table 2 shows the design requirement of transmission and the parameters of the driving vehicle. These values were obtained from Matlab Simulink of ADVISOR ® Software and Advanced Vehicle Simulator [23] . For the parallel hybrid propulsion system, the transmission system can be placed at three locations. Figure 3 shows the possible locations of the gearbox (GB) with respect to the ICE, EM, TW, and PIM in the parallel hybrid propulsion system. These different locations of the gearbox have different effects on the torque and the rotation speed between the PIM in the hybrid driving or power-split mode. The details of the effect of each location of the gearbox are as follows:
•
The influence of GB1: The torque and rotation speed of engine outputs can be independently adjusted.
The influence of GB2: The torque and rotation speed of motor outputs can be independently adjusted.
The Influence of GB3: The torque and rotation speed of PIM outputs can be adjusted, which indicates that the outputs of the engine and motor are simultaneously adjusted. This location of the gearbox alone cannot be used to adjust engine or motor outputs. For the parallel hybrid propulsion system, the transmission system can be placed at three locations. Figure 3 shows the possible locations of the gearbox (GB) with respect to the ICE, EM, TW, and PIM in the parallel hybrid propulsion system. These different locations of the gearbox have different effects on the torque and the rotation speed between the PIM in the hybrid driving or power-split mode. The details of the effect of each location of the gearbox are as follows:
• The influence of GB1: The torque and rotation speed of engine outputs can be independently adjusted.
The Influence of GB3: The torque and rotation speed of PIM outputs can be adjusted, which indicates that the outputs of the engine and motor are simultaneously adjusted. This location of the gearbox alone cannot be used to adjust engine or motor outputs. The TC-PIM that was in this study used a spur gear train to design and analyze the parallel hybrid transmission system. Spur gears are widely used in power transmission mechanisms. It is a simple mechanism to transfer mechanical power. The theory of spur gear-type transmission is that a gear set comprises drive and driven gears. These gears have different dimensions and, thus, it can adjust the torque and rotation speed. Equations (15) and (16) can express the relationship of the torque value and rotation speed value for drive and driven gears. The term represents the gear ratio. The TC-PIM that was in this study used a spur gear train to design and analyze the parallel hybrid transmission system. Spur gears are widely used in power transmission mechanisms. It is a simple mechanism to transfer mechanical power. The theory of spur gear-type transmission is that a gear set comprises drive and driven gears. These gears have different dimensions and, thus, it can adjust the Appl. Sci. 2019, 9, 1538 8 of 26 torque and rotation speed. Equations (15) and (16) represents the gear ratio.
Torque-Coupled-Type Transmission
The aforementioned discussion examined the constraint of the TC-PIM. In this study, we select the spur gear for the TC-PIM. The flowing section discusses the design torque-coupled-type transmission based on speed-torque. The TC-PIM in this study uses the spur gear train to design and analyze the parallel hybrid transmission system. Spur gears are widely used in power transmission mechanisms. It is a simple mechanism that is used to transfer mechanical power. In spur gear-type transmission, a gear set comprises drive and driven gears. These gears have different dimensions and, thus, it can adjust torque and rotation speed. The relationship between the torque value and rotation speed value for drive and driven gears can be expressed using Equations (15) and (16) . The term r dn r d also represents the gear ratio. Figure 4a shows the basic driveline architecture for TC-PIM. In this architecture, the engine and motor are always connected with the TC-PIM, which indicates that each power unit cannot only provide power for the traction vehicle. To ensure that all of the driving modes can work, clutches or brakes must be installed in the driveline architecture. For the ICE mode and the smooth integration of mechanical power in the hybrid mode, a clutch must be installed between the EM and TC-PIM. To reduce the engine pumping loss, the clutch that is installed between the engine and TC-PIM is necessary. Figure 4b shows the suitable clutches that were added in the driveline architecture for the TC-type parallel hybrid powertrain. A brake should not be installed in driveline, as the TC-PIM is one-degree-of-freedom mechanism. When the brake is installed in the driveline, it locks up all shafts; thus, the transfer of mechanical power to the TW becomes difficult. The aforementioned discussion examined the constraint of the TC-PIM. In this study, we select the spur gear for the TC-PIM. The flowing section discusses the design torque-coupled-type transmission based on speed-torque. The TC-PIM in this study uses the spur gear train to design and analyze the parallel hybrid transmission system. Spur gears are widely used in power transmission mechanisms. It is a simple mechanism that is used to transfer mechanical power. In spur gear-type transmission, a gear set comprises drive and driven gears. These gears have different dimensions and, thus, it can adjust torque and rotation speed. The relationship between the torque value and rotation speed value for drive and driven gears can be expressed using Equations (15) and (16) . The term also represents the gear ratio. Figure 4a shows the basic driveline architecture for TC-PIM. In this architecture, the engine and motor are always connected with the TC-PIM, which indicates that each power unit cannot only provide power for the traction vehicle. To ensure that all of the driving modes can work, clutches or brakes must be installed in the driveline architecture. For the ICE mode and the smooth integration of mechanical power in the hybrid mode, a clutch must be installed between the EM and TC-PIM. To reduce the engine pumping loss, the clutch that is installed between the engine and TC-PIM is necessary. Figure 4b shows the suitable clutches that were added in the driveline architecture for the TC-type parallel hybrid powertrain. A brake should not be installed in driveline, as the TC-PIM is one-degree-of-freedom mechanism. When the brake is installed in the driveline, it locks up all shafts; In the parallel hybrid mode, the gearbox can be installed at three positions. To determine the position for the installation of the gearbox, the relationship between the speed-torque characteristic of power units and the constraints of the TC-PIM must be determined [18] . The TC-PIM would restrict the angular speed when power is integrated. The speed relationship with power units and the TC-PIM can be expressed using Equation (17), as follows:
If ≪ 1, the gearbox or single gear must be installed between the engine and TC-PIM to In the parallel hybrid mode, the gearbox can be installed at three positions. To determine the position for the installation of the gearbox, the relationship between the speed-torque characteristic of power units and the constraints of the TC-PIM must be determined [18] . The TC-PIM would restrict the angular speed when power is integrated. The speed relationship with power units and the TC-PIM can be expressed using Equation (17) , as follows:
If η speed 1, the gearbox or single gear must be installed between the engine and TC-PIM to ensure that the engine delivers complete power (GB1). If η speed 1, the gearbox or single gear can be installed between the EM and TC-PIM to ensure that the EM delivers complete power (GB2). If η speed 1, only the gearbox must be installed behind the TC-PIM and, thus, it can simplify system complexity (GB3). Therefore, the proper placement of gearbox for this primary simulation is behind TC-PIM.
Hybrid vehicles have three driving modes, namely EV mode, ICE mode, and hybrid power mode. To satisfy all of the driving modes for satisfactory performance, the gear ratio design must consider the requirements of each driving mode. Equation (17) can be used to calculate η speed , which influences the gearbox location. Therefore, the first step in designing the gear ratio is to determine the k 1 and k 2 of the TC-PIM. To ensure that all of the power units can provide power within an adequate speed range. The relationship between k 1 and k 2 , and power units with a capable speed can be obtained using the following Equation (18):
ω 1−Pmax and ω 2−Pmax are compared to determine which term has a smaller value. The smaller term is determined for k = 1 and, thus, the theoretical value of k for another term can be obtained. For example, ω 1−Pmax = 5700 and ω 2−Pmax = 8500 are obtained for the maximum engine speed and maximum EM speed from Table 1 and then substituted into Equation (18):
Thus, the maximum output power of the TC-PIM can be obtained for the hybrid driving mode, and all of the power units are operated in the capable speed range. This method is called the basic speed limit method.
In Equation (20) , the k ratio values can be proportionally changed for specific design requirements. If the k ratio is used with a wrong design, the total integral power decreases. Moreover, the ideal maximum k ratio can be expressed as Equation (21) .
Equations (17)- (21) show that the appropriate k 2 value is between 1 and 1.4912 for the complete power usage of power units. On the basis of the engine map and the motor map, Figure 5a -d show the possible power regions for different k ratio , that is, k 1 = k 2 = 1 to k 1 = 1 and k 2 = 1.6 conditions for the TC-type parallel hybrid propulsion system. The ideal maximum total power of 51 kW is summed by ICE peak power of 41 kW and electric motor of 10 kW, as in Table 1 . For k 2 = 1.6, the maximum total power (50.4712 kW) is less than the ideal value (51 kW), because the engine cannot provide maximum power in the hybrid mode. Due to the TC-PIM being constrained by the speed relationship, the maximum speed of the motor for TC-PIM is less than 5700 rpm at k 2 = 1.6.
power usage of power units. On the basis of the engine map and the motor map, Figure 5a -d show the possible power regions for different , that is, 1 = 2 = 1 to 1 = 1 and 2 = 1.6 conditions for the TC-type parallel hybrid propulsion system. The ideal maximum total power of 51 kW is summed by ICE peak power of 41 kW and electric motor of 10 kW, as in Table 1 . For 2 = 1.6, the maximum total power (50.4712 kW) is less than the ideal value (51 kW), because the engine cannot provide maximum power in the hybrid mode. Due to the TC-PIM being constrained by the speed relationship, the maximum speed of the motor for TC-PIM is less than 5700 rpm at 2 = 1.6. The first step is to determine the gear ratio in the EV mode. The second step is to determine the overall gear ratio. The overall gear ratio must be determined stepwise for all driving modes due to the different parallel hybrid driving modes. The largest gear ratio in the EV mode can be expressed using Equation (22) .
Substituted parameters in Table 1 and Table 2 into Equation (22) 
The number of gears for EV mode transmission can be designed using a single gear because the EM has constant power characteristics.
The third step is to determine the overall gear ratio in the ICE mode and hybrid mode. As the engine provides the primary power to the propulsion system, and the EM just provides start-stop and power assistance; the gear ratio is mainly designed for the engine with one extra gear for hybrid power. Thus, the overall gear ratio in the ICE mode and hybrid mode can be obtained. The largest gear ratio in the ICE and hybrid mode can be expressed using Equation (24) .
_ can be determined by substituting parameters in Table 1 and Table 2 into Equation 
The forth step is to determine the smallest gear ratio in the ICE mode and the hybrid mode. In this study, a optima design is used to determine the smallest gear base on the ICE design and The first step is to determine the gear ratio in the EV mode. The second step is to determine the overall gear ratio. The overall gear ratio must be determined stepwise for all driving modes due to the different parallel hybrid driving modes. The largest gear ratio in the EV mode can be expressed using Equation (22) .
Substituted parameters in Tables 1 and 2 into Equation (22) The number of gears for EV mode transmission can be designed using a single gear because the EM has constant power characteristics.
i ICE_largest can be determined by substituting parameters in Tables 1 and 2 into Equation (24): The forth step is to determine the smallest gear ratio in the ICE mode and the hybrid mode. In this study, a V max optima design is used to determine the smallest gear base on the ICE design and to add one more gear for excess hybrid power, which can be expressed using Equation (26) .
i ICE_smallest can be determined by substituting parameters in Tables 1 and 2 into Equation (26):
The fifth step is to determine the intermediate gear ratio by using the progressive gear steps method at ϕ 2 = 1.1. Table 3 shows all of the gear ratios. Figure 6 shows a traction force diagram with the designed gear ratio. The red lines indicate the total resistance under different slope and speed conditions, from bottom to top: 0% slope, 3% slope, 5% slope, 10% slope, 15% slope, 20% slope, and 25% slope. A blue line represents the motor traction force in the EV mode, and it can overcome the resistance of 25% slope at 10 km/h. Black lines represent the engine traction force with different gear ratios, from the top to bottom: first gear to fourth gear and top speed gear. With these designed gear ratios, the vehicle can reach a speed of approximately 160 and 170 km/h by using the engine and the hybrid mode, respectively.
Parallel Hybrid Vehicle Model for numerical simulation
In this section, the basic theory from Sections 2.1 and 2.2 is used to design the complete parallel hybrid vehicle propulsion systems with single EMs in the Simscape environment. This system model includes the driving control, power units, transmission architectures, and vehicle body. 
In this section, the basic theory from Section 2.1 and Section 2.2 is used to design the complete parallel hybrid vehicle propulsion systems with single EMs in the Simscape environment. This system model includes the driving control, power units, transmission architectures, and vehicle body. 
Introduction of Simscape Environment
The basic theory from Sections 2.1 and 2.2 is used to design the complete parallel hybrid vehicle propulsion systems with single EMs in the Simscape environment [24] . This system model includes the driving control, power units, transmission architectures, and vehicle body.
Simscape is a set of block libraries and particular simulation features for modeling the physical systems in the Simulink environment [24] . It employs the physical network approach, which differs from the standard Simulink modeling approach, and it is particularly suited to simulate systems comprising real physical components. The physical network approach, with Through and Across variables and nondirectional physical connections, automatically resolves all conventional concerns with various factors, such as variables and directionality. Simscape can create a network representation of the designed system that is based on the physical network approach. According to this approach, each system comprises functional elements that interact with each other by exchanging energy through their ports. The number of connection ports for each element is determined while using the number of energy flows that were exchanged with other elements in the system, and it depends on the level of idealization. Energy flow is characterized using its variables. Each energy flow is associated with two variables, namely Through and Across. In general, and the product of these variables provides energy flow in watts.
Simscape blocks may have the following types of ports:
• Physical conserving ports-Nondirectional ports that represent physical connections and relate physical variables based on the physical network approach.
• Physical signal ports-Unidirectional ports transferring signals that use an internal Simscape engine for computations.
Physical Network approach supports the following two of variables:
• Through-Variables that are measured with a gauge connected in series with an element.
• Across-Variables that are measured with a gauge connected in parallel with an element. To simulate and analyze the propulsion system of the hybrid EV, this study focused on electrical, mechanical rotational, and mechanical translational domain. All of the simulation was performed using the commercial program of Matlab [25] .
Subsystem Models
Engine: The hybrid propulsion system comprises two power units of ICE and the EM, as well as containing PIM, transmission, and vehicle body. This model uses a programmed relationship between the torque and speed modulated using a throttle signal [25] . Figure 7 shows the subsystem of the engine model.
Engine: The hybrid propulsion system comprises two power units of ICE and the EM, as well as containing PIM, transmission, and vehicle body. This model uses a programmed relationship between the torque and speed modulated using a throttle signal [25] . Figure 7 shows the subsystem of the engine model. Electric Motor: The EM model is a brushless motor model with a closed-loop torque control. This model abstracts the torque-speed behavior of the combined motor and motor driver to support system-level simulation, where simulation speed is crucial [24] , and it sets the maximum torque and maximum power to obtain the torque-speed envelope, as shown in Figure 8a . Figure 8b shows the complete subsystem of the EM model and each port. Electric Motor: The EM model is a brushless motor model with a closed-loop torque control. This model abstracts the torque-speed behavior of the combined motor and motor driver to support system-level simulation, where simulation speed is crucial [24] , and it sets the maximum torque and maximum power to obtain the torque-speed envelope, as shown in Figure 8a . Figure 8b shows the complete subsystem of the EM model and each port. Transmission: The transmission model comprises a clutch model and gear model to simulate multigear transmission behavior. Two types of gear models can be used for the transmission model. The spur gear model with a gearbox or a TC-PIM constrains the two connected driveline axes within a fixed gear ratio and it imposes a kinematic constraint on the two connected axes using Equation (16) . The torque transfer function of this model is obtained using Equation (29). Transmission: The transmission model comprises a clutch model and gear model to simulate multigear transmission behavior. Two types of gear models can be used for the transmission model. The spur gear model with a gearbox or a TC-PIM constrains the two connected driveline axes within a fixed gear ratio and it imposes a kinematic constraint on the two connected axes using Equation (16) . The torque transfer function of this model is obtained using Equation (29).
In real-time applications, the angular velocity of a pair of the spur gear set exhibits an opposite rotation direction. In this study, all of the angular speeds through the spur gear set are set-up in the same rotation direction without losses to simplify the simulation process and the complexity of system model under ideal conditions. Figure 9 shows the details of a six-speed gearbox model the meaning of each port, which shifts the gear by using a controlled shift link in each clutch. Table 4 shows the clutch schedule for each gear. Vehicle body: The vehicle body model includes the TWs, vehicle body, and brake system, as shown in Figure 10 . The values in Table 5 are the preset recommended values that are provided by Simscape [24] . As our simulation specifications are general, the simulation is done with the recommended values that are provided in the software. Cg is the mass center of vehicles. The position of the center is related to the height of the vehicle from the ground and the position of the front and rear axles. In this model, the slope of the road and wind velocity can be set to simulate the different conditions of the driving resistance if required. In general, there are three types of air resistance: the first is the resistance caused by the air impact on the front of the vehicle, the second is the friction resistance, and the third is the external resistance. The value of the wind velocity is also preset in Vehicle body: The vehicle body model includes the TWs, vehicle body, and brake system, as shown in Figure 10 . The values in Table 5 are the preset recommended values that are provided by Simscape [24] . As our simulation specifications are general, the simulation is done with the recommended values that are provided in the software. Cg is the mass center of vehicles. The position of the center is related to the height of the vehicle from the ground and the position of the front and rear axles. In this model, the slope of the road and wind velocity can be set to simulate the different conditions of the driving resistance if required. In general, there are three types of air resistance: the first is the resistance caused by the air impact on the front of the vehicle, the second is the friction resistance, and the third is the external resistance. The value of the wind velocity is also preset in Simscape. The system control architecture is a two-level proportional-integral-derivative (PID) control. The top level is to control the vehicle speed to the driving mode control rule is based on demand power classification. When a vehicle is started, it is driven in the EV mode. Until the speed of the shaft, which is placed before the gearbox, reaches 3000 rpm, the driving mode is changed to transfer mode 1. In this driving mode, the engine and motor are simultaneously operated until the motor torque is less than or equal to zero, and the driving mode is changed to the ICE mode. The ICE mode has two process directions. In the first direction, the ICE is changed to the EV mode when the speed is less than 2500 rpm, whereas, in the second direction, the ICE is changed to transfer mode 2 when power is higher than 25 kW. Due to the engine map showing that the superior brake-specific fuel consumption region is between 15 and 25 kW, the control strategy proposes that the constrained engine should operate in this region, thus improving the engine operating efficiency. When the value of rotating speed of motor divide 2 greater or equal to ICE, the driving mode is changed to the hybrid mode. In this driving mode, the motor has a power-assist function and provides additional torque and, thus, the engine can operate in the smaller torque region to reduce fuel consumption. Figure 11a shows the flow chart of the driving mode control. The control of gear shifting is based on the rotational speed of power units. In addition to the EV gear, other gears are designed for the engine, and the engine map shows that the superior efficiency region of the engine is between 3000 and 5000 rpm. The shifting up and shifting down references are higher than 5000 rpm and less than 3000 rpm, respectively. Figure 11b shows the flow chart of the gear shifting control. 
System Control
The system control architecture is a two-level proportional-integral-derivative (PID) control. The top level is to control the vehicle speed to the driving mode control rule is based on demand power classification. When a vehicle is started, it is driven in the EV mode. Until the speed of the shaft, which is placed before the gearbox, reaches 3000 rpm, the driving mode is changed to transfer mode 1. In this driving mode, the engine and motor are simultaneously operated until the motor torque is less than or equal to zero, and the driving mode is changed to the ICE mode. The ICE mode has two process directions. In the first direction, the ICE is changed to the EV mode when the speed is less than 2500 rpm, whereas, in the second direction, the ICE is changed to transfer mode 2 when power is higher than 25 kW. Due to the engine map showing that the superior brake-specific fuel consumption region is between 15 and 25 kW, the control strategy proposes that the constrained engine should operate in this region, thus improving the engine operating efficiency. When the value of rotating speed of motor divide k 2 greater or equal to ICE, the driving mode is changed to the hybrid mode. In this driving mode, the motor has a power-assist function and provides additional torque and, thus, the engine can operate in the smaller torque region to reduce fuel consumption. Figure 11a shows the flow chart of the driving mode control. The control of gear shifting is based on the rotational speed of power units. In addition to the EV gear, other gears are designed for the engine, and the engine map shows that the superior efficiency region of the engine is between 3000 and 5000 rpm. The shifting up and shifting down references are higher than 5000 rpm and less than 3000 rpm, respectively. Figure 11b shows the flow chart of the gear shifting control. 
Results
In this section, we propose a novel transmission design that is based on the aforementioned models, and we describe with the simulation results. The simulations are performed under the extraurban driving cycle (EUDC) [26] and acceleration test, with the same base model and control rule. EUDC is a driving cycle that was established by the European Union. EUDC is designed to assess the emission levels of car engines and fuel economy in passenger cars, which excludes light trucks and commercial vehicles.
Extra-Urban Driving Cycle
The EUDC is designed to represent more aggressive, high-speed driving conditions, as shown in Figure 12a . The maximum speed of the EUDC is 120 km/h, starting from the still phase. In this driving condition, the functions of an idle start in the EV mode and power assist for high power demand are enabled. Figure 12b shows the simulation results of the following EUDC with different 2 values and the same overall gear ratio. Figure 12c shows the engine on-off state. Figure 12c shows that the engine is always on under the EUDC, excluding the start-from-still phase and the brake-tostill phase. Figure 12d shows that the EM is also on in the 316-336th second regions, excluding the start-from-still and brake-to-still phase. Table 6 shows fuel consumption under the EUDC with different 2 values. The optimal results are obtained for 2 = 1.6, wherein fuel consumption improves by 1.5%, because the vehicle can be driven for a longer duration in the EV mode and the required torque can be provided in the hybrid mode. The detailed effects of 2 values are discussed in the following discussions. 
Results
In this section, we propose a novel transmission design that is based on the aforementioned models, and we describe with the simulation results. The simulations are performed under the extra-urban driving cycle (EUDC) [26] and acceleration test, with the same base model and control rule. EUDC is a driving cycle that was established by the European Union. EUDC is designed to assess the emission levels of car engines and fuel economy in passenger cars, which excludes light trucks and commercial vehicles.
Extra-Urban Driving Cycle
The EUDC is designed to represent more aggressive, high-speed driving conditions, as shown in Figure 12a . The maximum speed of the EUDC is 120 km/h, starting from the still phase. In this driving condition, the functions of an idle start in the EV mode and power assist for high power demand are enabled. Figure 12b shows the simulation results of the following EUDC with different k 2 values and the same overall gear ratio. Figure 12c shows the engine on-off state. Figure 12c shows that the engine is always on under the EUDC, excluding the start-from-still phase and the brake-to-still phase. Figure 12d shows that the EM is also on in the 316-336th second regions, excluding the start-from-still and brake-to-still phase. Table 6 shows fuel consumption under the EUDC with different k 2 values. The optimal results are obtained for k 2 = 1.6, wherein fuel consumption improves by 1.5%, because the vehicle can be driven for a longer duration in the EV mode and the required torque can be provided in the hybrid mode. The detailed effects of k 2 values are discussed in the following discussions. Figure 13a shows the different motor statuses, which indicate that a larger 2 value drives the motor for a longer duration in the EV mode. Figure 13b shows the motor torque that is provided under the EUDC. The motor provides a positive torque under the EUDC, which indicates that the motor works as a traction motor. Engage and disengage clutches when shifting the gear or when changing the driving mode generate negative impulse. Figure 13c shows that the motor provides a torque in the power-assist region, and a smaller of 2 value provides more torque, whereas a larger Table 6 . Fuel consumption under extra-urban driving cycle (EUDC). Figure 13a shows the different motor statuses, which indicate that a larger k 2 value drives the motor for a longer duration in the EV mode. Figure 13b shows the motor torque that is provided under the EUDC. The motor provides a positive torque under the EUDC, which indicates that the motor works as a traction motor. Engage and disengage clutches when shifting the gear or when changing the driving mode generate negative impulse. Figure 13c shows that the motor provides a torque in the power-assist region, and a smaller of k 2 value provides more torque, whereas a larger k 2 provides less torque from the motor side before TC-PIM. The torque that is provided by the motor increases after the 325th second due to gear shifting, as shown in Figure 13d . Table 7 shows that the torque provided by the motor after the TC-PIM is larger for k 2 = 1.6; thus, higher k 2 values exhibit superior power-assist ability. Figure 14a presents the reason why larger 2 values cause a longer driving time in the EV mode. Due to the EV gear ratio and 2 being different, the required speed and TW speed are different when the speed of the drive shaft placed before the gearbox is more than 3000 rpm. For a larger 2 value, the vehicle can operate the motor in the higher speed region and drive the vehicle with higher speed in the EV mode. Therefore, the vehicle can drive for a longer duration in the EV mode. Figure 14b shows why the motor provides torque before the TC-PIM. Larger 2 values can provide lower torque to reach the load demand because of the fixed load and fixed gear ratio.
(a) (b) Figure 14a presents the reason why larger k 2 values cause a longer driving time in the EV mode. Due to the EV gear ratio and k 2 being different, the required speed and TW speed are different when the speed of the drive shaft placed before the gearbox is more than 3000 rpm. For a larger k 2 value, the vehicle can operate the motor in the higher speed region and drive the vehicle with higher speed in the EV mode. Therefore, the vehicle can drive for a longer duration in the EV mode. Figure 14b shows why the motor provides torque before the TC-PIM. Larger k 2 values can provide lower torque to reach the load demand because of the fixed load and fixed gear ratio. Figure 14a presents the reason why larger 2 values cause a longer driving time in the EV mode. Due to the EV gear ratio and 2 being different, the required speed and TW speed are different when the speed of the drive shaft placed before the gearbox is more than 3000 rpm. For a larger 2 value, the vehicle can operate the motor in the higher speed region and drive the vehicle with higher speed in the EV mode. Therefore, the vehicle can drive for a longer duration in the EV mode. Figure 14b shows why the motor provides torque before the TC-PIM. Larger 2 values can provide lower torque to reach the load demand because of the fixed load and fixed gear ratio. Figure 17 shows that, in both 0-60 km/h and 0-100 km/h acceleration tests, smaller 2 values provide improved acceleration ability. Figure 17a presents the acceleration test results from the start to the top speed without the top speed gear. Table 8 reveals that differences in 2 values did not influence the top speed, because the fourth gear is designed for the engine-only mode. Although the propulsion system can provide excess torque in the hybrid mode, the maximum vehicle speed is limited by the TW speed, which the gear ratio of the fourth gear constrained. Figure 17b presents the acceleration test results from the start to the top speed with the top speed gear. The top speed at 2 = 1, 2 = 1.2, and 2 = 1.4912 are almost the same, but they are slightly lower than the ideal maximum speed, which is the speed of engine at maximum power condition in hybrid mode. The top speed at 2 = 1.6 is lower than that at other 2 values, because the rotation speed before the gearbox is limited by the motor speed after the TC-PIM at 2 = 1.6. The maximum speed in the hybrid mode is lower than the maximum rotational speed of the engine under the maximum power condition. Although the propulsion system can provide excess torque to overcome the total resistance, the maximum vehicle speed is lower than the ideal maximum speed. The difference between the top speed at 2 = 1.6 and other 2 values is approximately 11.59 km/h, which validates that an inappropriate design influences the top speed of the TC-type parallel hybrid vehicle. Figure 17 shows that, in both 0-60 km/h and 0-100 km/h acceleration tests, smaller k 2 values provide improved acceleration ability. Figure 17a presents the acceleration test results from the start to the top speed without the top speed gear. Table 8 reveals that differences in k 2 values did not influence the top speed, because the fourth gear is designed for the engine-only mode. Although the propulsion system can provide excess torque in the hybrid mode, the maximum vehicle speed is limited by the TW speed, which the gear ratio of the fourth gear constrained. Figure 17b presents the acceleration test results from the start to the top speed with the top speed gear. The top speed at k 2 = 1, k 2 = 1.2, and k 2 = 1.4912 are almost the same, but they are slightly lower than the ideal maximum speed, which is the speed of engine at maximum power condition in hybrid mode. The top speed at k 2 = 1.6 is lower than that at other k 2 values, because the rotation speed before the gearbox is limited by the motor speed after the TC-PIM at k 2 = 1.6. The maximum speed in the hybrid mode is lower than the maximum rotational speed of the engine under the maximum power condition. Although the propulsion system can provide excess torque to overcome the total resistance, the maximum vehicle speed is lower than the ideal maximum speed. The difference between the top speed at k 2 = 1.6 and other k 2 values is approximately 11.59 km/h, which validates that an inappropriate k ratio design influences the top speed of the TC-type parallel hybrid vehicle. 2 = 1.6 is lower than that at other 2 values, because the rotation speed before the gearbox is limited by the motor speed after the TC-PIM at 2 = 1.6. The maximum speed in the hybrid mode is lower than the maximum rotational speed of the engine under the maximum power condition. Although the propulsion system can provide excess torque to overcome the total resistance, the maximum vehicle speed is lower than the ideal maximum speed. The difference between the top speed at 2 = 1.6 and other 2 values is approximately 11.59 km/h, which validates that an inappropriate design influences the top speed of the TC-type parallel hybrid vehicle. Figure 18a and Table 8 show the acceleration times for 0-60 km/h and 0-100 km/h under different k 2 values. However, after the start motion, larger k 2 values have improved acceleration ability than smaller k 2 values. Figure 18b shows the change in the driving mode from the EV mode to the ICE mode. In this phase, smaller k 2 values exhibit deteriorating acceleration ability due to torque loss from engine pumping loss. Figure 19a shows engine pumping loss under the EUDC test and, thus, the motor provides a torque to TWs and to start the rotation of the engine. Figure 19b shows the influence of engine pumping loss on the pre-transmission architecture. As the engine pumping loss is almost constant, the torque after the TC-PIM is affected. When the 2 value is larger, the torque after the TC-PIM is larger. The engine pumping loss requires a smaller percentage of the total value of the torque after Figure 19a shows engine pumping loss under the EUDC test and, thus, the motor provides a torque to TWs and to start the rotation of the engine. Figure 19b shows the influence of engine pumping loss on the pre-transmission architecture. As the engine pumping loss is almost constant, the torque after the TC-PIM is affected. When the k 2 value is larger, the torque after the TC-PIM is larger. The engine pumping loss requires a smaller percentage of the total value of the torque after the TC-PIM and, thus, the acceleration ability is superior for larger k 2 values in the EV mode. However, when the driving mode changes from the EV mode to ICE mode, the acceleration ability rapidly increases because the engine can provide a larger torque than the EM. Smaller k 2 values enable an earlier change in the driving mode from the EV mode to the ICE mode. This observation is because smaller k 2 values exhibit more improved acceleration ability. Apart from the mode change, Table 8 shows that the time gap between each k 2 value and the smallest k 2 value improves. Larger k 2 values can improve the time gap, which indicates that larger k 2 values have more improved superior power-assist ability. This result is consistent with that of the EUDC test. Figure 19a shows engine pumping loss under the EUDC test and, thus, the motor provides a torque to TWs and to start the rotation of the engine. Figure 19b shows the influence of engine pumping loss on the pre-transmission architecture. As the engine pumping loss is almost constant, the torque after the TC-PIM is affected. When the 2 value is larger, the torque after the TC-PIM is larger. The engine pumping loss requires a smaller percentage of the total value of the torque after the TC-PIM and, thus, the acceleration ability is superior for larger 2 values in the EV mode. However, when the driving mode changes from the EV mode to ICE mode, the acceleration ability rapidly increases because the engine can provide a larger torque than the EM. Smaller 2 values enable an earlier change in the driving mode from the EV mode to the ICE mode. This observation is because smaller 2 values exhibit more improved acceleration ability. Apart from the mode change, Table 8 shows that the time gap between each 2 value and the smallest 2 value improves. Larger 2 values can improve the time gap, which indicates that larger 2 values have more improved superior power-assist ability. This result is consistent with that of the EUDC test. 
Top Speed and Acceleration Test
Discussion
The design of the parallel hybrid transmission system is different from that of the single power transmission system. Apart from the design gear ratio for driving requirements, the k ratio in the PIM is the most crucial factor for the efficient and smooth combination of the engine and EM. For TC-PIM-type parallel hybrid transmission, the k ratio can be designed by comparing the speed range of two power units with any ratio; however, the maximum ideal k ratio must be exceeded. The other design focuses on selecting the location of the gearbox at the parallel hybrid driveline. The study presents the principle for selecting the transmission architecture for the parallel hybrid vehicle. For the TC-type parallel hybrid vehicle, η speed can be used to determine the transmission architecture. We implement the pre-transmission architecture and determine the effect of this transmission architecture. The effects of the gear ratio design for the pre-transmission architecture are as follows:
1.
The EV mode gear ratio must be designed, which influences the top speed of the EV mode. 2.
To improve the top speed ability, a top speed gear is must be designed. In this study, the top speed ability in the hybrid mode is improved by approximately 9.3%.
The influences of the k ratio with the fixed overall gear ratio for the pre-transmission system are as follows:
A higher k ratio has more improved power-assist ability. In this study, a k ratio of 1.6 improves the power-assist ability by approximately 8.5% when compared with the k ratio of 1.
2.
The higher k ratio provides wider-speed-region operation.
3.
A higher k ratio can reduce the influence of engine pumping loss and, thus, it has more improved acceleration ability in the EV mode.
4.
The top speed performance decreases with an improper k ratio , which exceeds the maximum ideal k ratio . In this study, the top speed at the k ratio of 1.6 is lower by approximately 6.63% than the top speed at a k ratio of 1.
Apart from the k ratio , the torque-speed characteristic and hybridization factor are crucial in the smooth coordination of the two power units in the hybrid power system. The relationship between the k ratio and torque-speed characteristics is unclear. The quality of the design principle the k ratio combined with the torque-speed characteristic must be examined. Apart from the TC-PIM, another power integral speed-coupled mechanism is available. The design principle of the k ratio for the SC-PIM must be determined in the future. Therefore, a more efficient and powerful hybrid vehicle can be designed.
Conclusions
The design of TC-PIM parameters (i.e., k 1 and k 2 ) are based on k ratio theory. We can uncover effective k values for TC-PIM and a suitable location of gearbox, by following the simulations of driving cycles (EUDC) and acceleration test. The results show that a higher k ratio has more improved power-assist ability for the pre-transmission architecture. For example, the k ratio of 1.6 can improve the power-assist ability by 8.5% as compared with the k ratio of 1. In the design with an appropriate gear ratio and k ratio , the top speed ability of the vehicle can be improved by 9.3%, whereas, in an improper design, the top speed ability of vehicle can be improved by 2.06%. The simulation results show that the transmission system design influences vehicle performance, and it uses the combined power of the two power units for the parallel hybrid vehicle. The design matching principle that is proposed in this study can determine the effective design range of the TC-PIM parameters and gear ratio of the gearbox. It can be used as a design reference theory for the transmission system of parallel hybrid vehicles. However, performing the tests for practical vehicles remains challenge due to the difficulties of the experimental constructions, including power integration mechanism, power units, gearbox, etc.
The practical experiments may be demonstrated as future works. 
